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ABSTRACT
The galaxy cluster Abell 3667 is an ideal laboratory to study the plasma processes in the intracluster medium
(ICM). High resolution Chandra X-ray observations show a cold front in Abell 3667. At radio wavelengths,
Abell 3667 reveals a double radio-relic feature in the outskirts of the cluster. These suggest multiple merger
events in this cluster. In this paper, we analyze the substantial archival X-ray observations of Abell 3667 from
Chandra X-ray Observatory and compare these with existing radio observations as well as state-of-the-art AMR
(Adaptive Mesh Refinement) MHD cosmological simulations using Enzo. We have used two temperature
map making techniques, Weighted Voronoi Tessellation and Adaptive Circular Binning, to produce the high
resolution and largest field-of-view temperature maps of Abell 3667. These high fidelity temperature maps
allow us to study the X-ray shocks in the cluster using a new 2-dimensional shock-finding algorithm. We
have also estimated the Mach numbers from the shocks inferred from previous ATCA radio observations. The
combined shock statistics from the X-ray and radio data are in agreement with the shock statistics in a simulated
MHD cluster. We have also studied the profiles of the thermodynamic properties across the cold front using
∼ 447 ksec from the combined Chandra observations on Abell 3667. Our results show that the stability of the
cold front in Abell 3667 can be attributed to the suppression of the thermal conduction across the cold front by
a factor of ∼ 100 − 700 compared to the classical Spitzer value.
Subject headings: galaxies: cluster: general, galaxies: abundances, X-rays: galaxies: clusters, radiation mech-
anisms: non-thermal, shock waves, galaxies: clusters: individual: Abell 3667
1. INTRODUCTION
In the hierarchical structure formation framework, clusters
of galaxies are the largest approximately virialized objects in
the universe and are ideal laboratories to study astrophysical
plasma processes. Clusters are assembled through large and
small mergers [see e.g. Kravtsov & Borgani (2012)]. Dur-
ing mergers cosmological shocks are driven into the intra-
cluster medium (ICM). These shocks heat the ICM which
is then detected in the soft X-ray regime through its thermal
emission (Sarazin 1988; Böhringer & Werner 2010). In addi-
tion, these shocks accelerate non-thermal electrons and pro-
tons to relativistic speeds (Drury 1983; Blandford & Eichler
1987; Skillman et al. 2011; Brüggen et al. 2012). The rela-
tivistic electrons have relatively short lifetimes (108 years)
and emit synchrotron radiation which are detected at radio
wavelengths. Mergers of galaxy clusters are the most ener-
getic events in the universe since the Big Bang. Up to 1064 erg
of gravitational potential energy is dispersed among the clus-
ter constituents in a major merger (Ricker & Sarazin 2001).
In this paper, we analyze the very extensive X-ray observa-
tions of Abell 3667 from Chandra X-ray Observatory (total
effective exposure of 447 ksec) and compare these with exist-
ing radio observations as well as state of the art AMR (Adap-
tive Mesh Refinement) MHD cosmological simulations using
Enzo. Abell 3667 has been studied at X-ray, optical and ra-
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dio wavelengths as a spectacular ongoing merger (see Fig-
ure 1). The observations carried out at all three wavelengths
make A3667 an ideal laboratory to study the plasma processes
in the ICM. Figure 1(a) shows the overlay of the radio con-
tours at 1.4 GHz from ATCA (Australia Telescope compact
array) on the Chandra X-ray surface brightness map. Fig-
ure 1(b) shows the overlay of the X-ray surface brightness
contours on the optical image from SuperCOSMOS Sky Sur-
vey r-band data6. Abell 3667 is one of the HIFLUGCS clus-
ters at a redshift of z = 0.055 (Sodre et al. 1992). It should be
noted that the HIFLUGCS or the HIghest X-ray FLUx Galaxy
Cluster Sample is a complete sample of the X-ray brightest
galaxy clusters (Reiprich & Böhringer 2002). Hudson et al.
(2010) studied the cool-core clusters in the HIFLUGCS sam-
ple and classified A3667 as a weak cool-core (WCC) cluster.
In other studies, Abell 3667 is classified as a non cool-core
cluster (Rossetti & Molendi 2010). In the X-ray observations,
the main feature seen in Abell 3667 is the cold front [see
Markevitch & Vikhlinin (2007) for a review of cold fronts
in galaxy clusters]. Abell 3667 has an X-ray luminosity of
LX (0.4 − 2.4 keV ) = 5.1× 1044erg s−1 (Ebeling et al. 1996),
M200 = 11.19±1.65 1014h−150M⊙ and global temperature kTx =
7± 0.6 keV (Markevitch et al. 1998; Vikhlinin et al. 2001a;
Reiprich & Böhringer 2002). This cluster is Abell richness
class 2. The first X-ray observations with the ROSAT PSPC
suggested an ongoing merger (Knopp et al. 1996). The sharp-
ness of the discontinuity across the cold front in the ASCA
images (Markevitch et al. 1998) was initially presumed to be
a shock front by Markevitch et al. (1999). Later on, the anal-
ysis of a higher spatial and spectral resolution Chandra ob-
servation [obsid 513 in Table 1] by Vikhlinin et al. (2001a)
proposed this structure to be a cold front – a contact discon-
6 http://www-wfau.roe.ac.uk/sss/pixel.html
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tinuity in A3667. This cluster has also been observed with
XMM Newton by Briel et al. (2004), Lovisari et al. (2009) and
Finoguenov et al. (2010). From the metallicity map covering
the central parts of the cluster, Lovisari et al. (2009) suggested
that about 65 − 80% contribution from SN II (supernova type
II) is required to obtain the observed metallicity abundance
ratios near the center of A3667.
At radio wavelengths, A3667 shows a double radio-relic
structure [see Figure 1(a) and Röttgering et al. (1997)] at 13
and 20 cm [see Feretti et al. (2012) for a review on radio
relics]. The relics are located on either side of the cluster cen-
ter at a distance of 1.8 Mpc. Recently, Carretti et al. (2013a)
observed A3667 with the Parkes telescope at 2.3 GHz and
3.3 GHz as part of the S-band Polarization All Sky Survey
(S-PASS). They detected a radio bridge between the North-
West relic and the center of the cluster. This bridge was
also marginally detected at 843 MHz images from SUMMS
(Sydney University Molonglo Sky Survey), but with no ICM
emission from the central regions of the cluster (Carretti et al.
2013a). These radio observations support the scenario of
an ongoing merger in A3667 (Roettiger et al. 1999). So far,
A3667 is the only double-relic system with a radio-bridge.
This also suggests that the shocks are likely to propagate in
the plane of the sky, thus removing the uncertainties about the
projection effects (Carretti et al. 2013a). Finoguenov et al.
(2010) observed this cluster with XMM-Newton near the
North-West radio relic and confirmed a shock from the X-ray
temperature and density jumps at the relic location.
At optical wavelengths, A3667 has been studied extensively
by Johnston-Hollitt et al. (2008) and Owers et al. (2009a).
Owers et al. (2009a) used multiobject spectroscopy with the
3.9 meter Anglo-Australian Telescope to search for substruc-
ture. They found that the cluster can be separated into two
major substructures and the cold front appears to be directly
related to the cluster merger activity. The substructure to the
North-West (KMM2 in Figure 1(b)) is also consistent with
the mass concentration found in the weak-lensing maps by
Joffre et al. (2000). The South-East substructure was tidally
stripped from the main North-East substructure during its ap-
proach to the parent cluster core.
Akamatsu et al. (2012) observed A3667 with Suzaku XIS
(X-ray Imaging Spectrometer) instrument covering the region
between the center and the North-West relic. These observa-
tions suggest that the gas is heated by a shock propagating
away from the center to the outer region of the cluster. Pre-
viously, Nakazawa et al. (2009) used the Suzaku HXD (Hard
X-ray Detector) to observe near the North-West relic region
and inferred the magnetic field within the relic region to be
& 1.6 µG. This is consistent with the previous results from
Finoguenov et al. (2010) using the XMM Newton where they
deduced the magnetic field to be & 3 µG. This lower limit
on the magnetic field was obtained by comparing the limit on
the inverse Compton X-ray emission with the measured radio
synchrotron emission.
Roettiger et al. (1999) were able to produce the observed
properties of the radio relics with the first 3-dimensional
MHD/N-body simulations. The model of Roettiger et al.
(1999) posits that A3667 has undergone a recent merger
(. 1 Gyr) with a subcluster with total mass of 20% of the
primary cluster. This work deduced that the subcluster was
moving from South-East to North-West and impacted the pri-
mary cluster slightly off-axis. The merger generated multi-
ple shocks which are sites for diffusive shock acceleration
(Drury 1983) of relativistic electrons. Roettiger et al. (1999)
were able to explain the location and morphology of the radio
relics with respect to the X-ray surface brightness. Poole et al.
(2006) used a 3:1 mass ratio impact to reproduce the two
shocks moving in opposite directions as well as producing
a cold front. The interpretation of the substructure dynam-
ics from Owers et al. (2009a) is consistent with the mod-
els given by Roettiger et al. (1999) and Poole et al. (2006).
Kawahara et al. (2008) analyzed the Chandra observations of
A3667 to study the X-ray surface brightness fluctuations and
found that it follows a lognormal distribution as seen in their
synthetic clusters from cosmological hydrodynamic simula-
tions.
In this paper, we combined all archival Chandra observa-
tions for A3667 [see Table 1] into one of the longest effec-
tive integration (∼ 447 ksec) of a galaxy cluster that has been
heretofore available. All previous studies on A3667 using
the Chandra observations were either based on limited expo-
sure time (Vikhlinin et al. 2001b,a; Vikhlinin & Markevitch
2002, 2003) or limited field-of-view around the cold front
Owers et al. (2009b). Combining 8 observations of A3667
from Chandra archive, we derive X-ray temperature maps
covering the central ∼ 1 Mpc region of the cluster using two
different temperature map-making techniques. In Section 2 of
this paper, we discuss the X-ray data analysis pipeline that has
been used to analyze the Chandra archival observations. Sec-
tion 3 compares the two temperature map-making techniques
and discusses the results. In Section 4, we analyze the X-ray
shocks in A3667 from the combined Chandra observations
using a new automated shock-finder. In Section 5, we com-
pare the shock statistics from the X-ray data with the results
from MHD AMR cosmological simulations. This is a first
systematic study of the X-ray shocks in A3667 using Chan-
dra observations. Since the Chandra observations are limited
to the central ∼ 1 Mpc of the cluster and do not extend to
the location of the double relic (∼ 1.8 Mpc from the cluster
center), in Section 6 we have used previous radio observa-
tions by Röttgering et al. (1997) to trace the shocks beyond
the central 1 Mpc region. In Section 7, we validate the new
shock-finder and compare the combined shock statistics from
X-ray and radio observations of A3667 with an existing 3-
dimensional shock-finder results from the cosmological MHD
AMR simulations. Section 8 focuses on our analysis of the
cold front in A3667. The higher signal-to-noise of the com-
bined Chandra observations allow us to place a significantly
tighter limit on the width of the cold front than the previous
study by Vikhlinin et al. (2001b). Profiles of thermodynamic
quantities like density, temperature, pressure and entropy are
derived across the cold front in order to confirm the cold front
to be a contact discontinuity. We also derived the amount of
suppression in the thermal conduction required to justify the
existence of the cold front in A3667. We conclude by inves-
tigating the existence of a bow-shock which was previously
suggested by Vikhlinin et al. (2001a).
2. X-RAY DATA ANALYSIS
We have used eight separate observations of Abell 3667
from the archival data of Chandra X-ray observatory. The
details of the observations are listed in the Table 1. We
have developed a systematic calibration and analysis pipeline
using Chandra Interactive Analysis of Observations (CIAO)
and subsequent scripts in python and IDL. The details of the
pipeline are discussed in Schenck et al. (2014). For complete-
ness, we outline some essential steps in the procedure here.
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Figure 1. (a) The contours of radio map from the ATCA observations at 20cm wavelength (Röttgering et al. 1997) are overlayed on the X-ray surface brightness
map from the combined eight Chandra observations. The X-ray surface brightness units are ergs s−1 cm−2 arcmin−2 . (b) The smoothed contours of the X-ray
surface brightness map from the combined eight Chandra observations has been overlayed on the optical image from the SuperCOSMOS Sky Survey r-band data
(Hambly et al. 2001). Also, we show the KMM regions defining the 3 major substructure in the A3667 cluster (Owers et al. 2009a). The exact locations of the
South-East (in white: KMM4), main cluster (in yellow: KMM5) and the North-West substructure (in cyan: KMM2). Exact locations of these KMM regions are
provided by Matt Owers (private communication).
2.1. Calibration and Point Source Removal
We have reprocessed the level 1 event files for all the eight
Abell 3667 ACIS-I observations from the Chandra archive
with CIAO version 4.3 and CALDB 4.4.6. These were the
most updated versions available during the analysis. How-
ever, we have also tested more recent versions of CIAO and
CALDB and found that the results are consistent. All the data
for Abell 3667 considered for this paper were taken by ACIS-
I detector. One of the observations (observation id: 889) is in
the FAINT mode while the rest are in VFAINT mode. Back-
grounds were taken into account using the blank-sky back-
grounds in CALDB 4.4.6. The backgrounds were reprojected
and processed to match the observations. Bad pixels and cos-
mic rays were removed using acis_remove_hotpix and CTI
corrections were made using acis_process_events. Intervals
of background flaring were excluded using light curves in the
full band and 9-12 keV band. The light curves were binned
at 259.3 seconds per bin, the binning used for the blank-sky
backgrounds. Count rates greater than 3σ from the mean were
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Table 1
Observation Details
ObsId Exposure (ks) Clean Exposure (ks) z NH (×1020)
513,889,5751,5752 534 447 0.0556 4.71
5753,6292,6295,6296
Note. — Details of the archived Chandra data on Abell 3667 that has
been used in this paper (Owers et al. 2009b).
removed using deflare. The light curves were visually in-
spected to ensure flares were effectively removed.
Point sources were removed by first using the wavdetect
task in CIAO and then making manual corrections as neces-
sary to ensure all contaminating point sources are excluded
and no false detections were allowed. The regions which en-
closed point sources were also removed from the backgrounds
to prevent over-subtracting the background. The above steps
were followed to create the ’CLEAN’ data and background
files for each observations separately.
2.2. Combined X-ray Surface Brightness Map
We have used the task merge_all in CIAO to combine all
the CLEAN data files from eight observations and produce a
combined surface brightness image. In order to reproject all
the eight observations we have used the observation id : 5751
to be the reference. The surface brightness maps are produced
after binning the CLEAN data by 4. The combined X-ray flux
map is further adaptively smoothed (discussed in Section 3.1)
and shown in Figure 1(a).
3. X-RAY TEMPERATURE MAPS
The ’CLEAN’ data from all eight observations where com-
bined to produce a master count image. This master image
is used to produce an ’outer-crop’ region file which includes
all the ACIS-I detectors from eight observations. This outer-
crop region file is used to crop all the counts images (data and
background) from individual observations. This is done in or-
der to have all the counts images from individual observations
cropped to the same dimensions and covering the same part of
the sky.
In order to make temperature maps from the combined
data, we use two techniques: a) Weighted Voronoi Tessella-
tion (WVT) method and b) Adaptive Circular Binning (ACB)
method. In the following subsections, we will discuss in de-
tails the advantages and limitations of each of the two meth-
ods.
3.1. WVT - Weighted Voronoi Tessellation Method
We use the Weighted Voronoi Tessellation (WVT) bin-
ning algorithm developed by Diehl & Statler (2006). The
use of adaptive spatial binning using Voronoi Tessella-
tions was first suggested by Cappellari & Copin (2003) for
Integral Field Spectroscopic data. Later, Diehl & Statler
(2006) generalized it for X-ray data analysis. WVT bin-
ning has been widely used in deriving X-ray temperatures
(Pratt et al. 2007; Simionescu et al. 2007; Randall et al. 2008;
Gastaldello et al. 2009; Rossetti & Molendi 2010) and specif-
ically to derive X-ray temperature maps for galaxy clusters
[e.g. A4059 (Reynolds et al. 2008), A3128 (Werner et al.
2007), A2052 (Blanton et al. 2009; de Plaa et al. 2010),
A2744 (Owers et al. 2011), A2254 (Girardi et al. 2011),
A1201 (Ma et al. 2012), 1RXS J0603.3+4214 (Ogrean et al.
2013), CenA (Walker et al. 2013)]. Our current work is the
first attempt to derive an X-ray temperature map for A3667
using the WVT technique.
Non-overlapping WVT regions are defined by the WVT-
binning algorithm based on a given signal-to-noise ratio
(SNR). The SNR is calculated after combining all eight
CLEAN data and the CLEAN background files for A3667.
The signal is equal to the background-subtracted counts and
the noise assumes Poisson uncertainty contributions from
both the source and background. The background counts have
been rescaled by the ratio of the source and background ex-
posure times for the WVT-binning operation. In this case, we
have used a SNR of 50 to define the WVT regions. For the
combined eight observations of A3667, WVT-binning pro-
duced ∼ 1400 regions with a SNR scatter . 4%.
Once the regions are defined, we use the CIAO task dmex-
tract to extract separate source and background spectra from
the same region of the ACIS-I detector corresponding to each
WVT region. For each WVT region, the source and back-
ground spectra are extracted for different observations sepa-
rately. The weighted response matrix file (WRMF) and effec-
tive area function (WARF) are generated using the CIAO task
specextract using a region covering most of the field-of-view
of the detector. A set of WRMF and WARF files are obtained
for each observation.
We have used XSPEC 12.8 to perform spectral fitting be-
tween 0.7 to 8.0 keV. The APEC thermal plasma model along
with the PHABS photo-electric absorption model were used
to fit the spectra from each WVT region. The redshift of the
cluster was kept fixed at z = 0.055. The hydrogen column
density was fixed at NH = 4.7× 1018 cm−2, as obtained from
the LAB survey (Kalberla et al. 2005) near the location of the
cluster. In order to combine all eight observations, we have
simultaneously fit all eight spectra from each WVT region in
XSPEC using the C-statistic (Cash 1979).
The metallicity of the cluster was kept fixed at 0.3Z⊙
(Lovisari et al. 2009). Only the temperature and the APEC
normalization were fit for each region. The WVT tempera-
ture map along with the error map were obtained. Later, the
temperature map was adaptively smoothed using a variant of
the ASMOOTH program developed by Ebeling et al. (2006).
The adaptively smoothed WVT temperature map is shown
in Figure 2(a). Figure 2(b) shows the average percentage er-
rors (∆Tx/Tx×100) in the best-fitted temperature values (Tx).
This error map also shows the exact location and size of the
WVT regions. The errors are estimated inside XSPEC using
a Markov Chain Monte Carlo technique with chain length of
10,000. The plus (σ+) and minus (σ−) errors are calculated at
1σ level. The resultant error ∆Tx is the mean of σ+ and σ−. It
should be noted that & 90% of the regions have . 20% errors
in temperature. Figure 4 shows the distribution of the ∆Tx/Tx
with respect to the best-fitted Tx values. From this figure we
can conclude that there is a definite trend confirming that the
regions with higher temperatures have higher errors. This is
expected as the Chandra instrument response deteriorates at
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Figure 2. (a) Temperature map as derived from the WVT binning method and smoothed with the scalemap as obtained in ACB method (as in Section 3.1).
Contours of the X-ray surface brightness map are overlayed on the temperature map. (b) 1σ errors for WVT temperature map expressed in percentage. The error
map also shows the shape and location of the original WVT regions.
higher energies. Figure 4 also shows that the distribution of
σ
−
and σ+ are different.
We compared our WVT temperature map with the existing
X-ray temperature maps by Briel et al. (2004), Lovisari et al.
(2009) and Finoguenov et al. (2010) from XMM Newton ob-
servations. Our adaptively smoothed WVT temperature map
(Figure 2(a)) recovers the basic features seen in previous
XMM studies (Briel et al. 2004; Lovisari et al. 2009). How-
ever, the higher exposure time for the combined Chandra ob-
servations allowed us to derive a higher resolution tempera-
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ture map than the above studies. The A3667 temperature map
from Owers et al. (2009b) also combined all the eight Chan-
dra observations, but their temperature map is limited to a
very small region around the cold front. The temperature val-
ues near the cold front in our current WVT map (Figure 2(a))
are in agreement with that in Owers et al. (2009b). The lowest
temperature in Figure 2(a) occurs near the inner edge of the
cold front and is about 4.0 keV. There is a high temperature
region behind the cold front towards the North-West where
temperatures rise up to ∼ 11 keV.
The WVT method creates non-overlapping regions within
which a spectrum is extracted. So the temperatures between
adjacent WVT regions are independent. This is advantageous
in propagating errors in fitted temperatures to derived quanti-
ties like temperature jumps, Mach number, pressure, entropy,
etc. The major limitation of the WVT method is that tem-
perature structure depends on the WVT bin locations. These
bin locations are not unique and depend on the initial con-
ditions of the bin accretion in the WVT-binning algorithm
(Diehl & Statler 2006). Hence, a slight change in the input
SNR criteria or the starting location of the bin-accretion can
create slightly different WVT temperature maps. Since the
bins are non-overlapping, the WVT method might miss a fea-
ture that is lower than the size of the bin at particular location
on the map. In order to verify whether we have missed any
crucial feature in the A3667 WVT temperature due to this
limitation of the algorithm, we have used another technique
that we call Adaptive Circular Binning (ACB) in the next sec-
tion.
3.2. ACB - Adaptive Circular Binning Method :
The ACB method is based on extracting spectra from a cir-
cular region centered on a particular pixel in the map. Un-
like the WVT method, the ACB circles from adjacent pix-
els can significantly overlap with each other. The size of the
ACB circles depends on the input SNR criteria (similar to
the WVT regions). It should be noted that X-ray temperature
maps have been previously produced using a technique simi-
lar to the ACB method [e.g. M86 (Randall et al. 2008), A133
(Randall et al. 2010), A2744 (Owers et al. 2011), A2443
(Clarke et al. 2013)]. Previous works have used either a cut-
off in counts or background subtracted counts to derive the
circular region. In order to be consistent with the WVT
method, we derive ACB circles based on the SNR criteria
(same as in WVT method).
The steps followed in the ACB method include:
1. Use the native pixels in the combined counts images for
both the CLEAN source and background images.
2. For each pixel, we define a circular region (centered on
that pixel). The radius of a circle is such that the SNR
calculated from the source and background images is
about 50 (same as in WVT binning method). The signal
is equal to the background-subtracted counts and the
noise assumes Poisson uncertainty contributions from
both the source and background.
3. Spectra from both the CLEAN source and background
data (from each observation) are then extracted for the
corresponding circular region for that pixel. The spec-
tral extraction is done with CIAO task dmextract.
4. The weighted response matrix file (WRMF) and ef-
fective area function (WARF) are generated using the
CIAO task specextract using a region covering most of
the field-of-view of the detector. A set of WRMF and
WARF files are obtained for each observations.
5. For each pixel, we then simultaneously fit spectra for
all eight observations using XSPEC 12.8.
6. The APEC thermal plasma model along with the
PHABS photo-electric absorption model were used to
fit the spectra from each pixel between 0.7 and 8.0 keV.
7. The redshift of A3667, the NH value and the metallicity
are kept fixed for XSPEC fitting at the same value as in
WVT binning method. The temperature and the APEC
normalization were kept free to be fitted (same as in
section 3.1).
Apart from the process of defining the ACB regions, most
of the other steps are common between both ACB and WVT.
In the case of ACB, the total number of regions are equal to
the total number of image pixels within the combined detec-
tor area. For A3667, ACB method produced ∼ 5.9× 105 re-
gions. All the initial data analysis within CIAO, to produce
the CLEAN data-sets, as well as the WVT temperature maps
were carried out in a 32 core cluster machine with a total of
64 Gb shared RAM. To process these large number of ACB
regions, we used & 1600 cores of the JANUS supercomputer
at University of Colorado Boulder for a total of∼ 4 − 6 hours.
While WVT produces regions with no overlap, the ACB re-
gion for a pixel has significant overlap with the ACB regions
of the nearby pixels. The overlap area depends on the SNR
around that pixel location on the detector. The ACB temper-
ature map is shown in Figure 3(a). This temperature map is
not smoothed further unlike the WVT temperature map. The
corresponding 1σ errors (∆Tx/Tx× 100), in percentages, are
shown in Figure 3(b). It should be noted that & 90% of the
pixels have . 20% errors in temperature. The errors are esti-
mated in the same manner as in section 3.1. Figure 4 shows
the distribution of the σ
−
and σ+ errors with respect to the best-
fitted Tx values. This again confirms that pixels with higher
temperatures have higher errors (same as in section 3.1). The
ACB temperature map has the overall same features as the
WVT image (Figure 2(a)). In Figure 3(b) we have overlayed
some of the ACB circles on the error map. It should be noted
that the scales of the ACB circles are minimum near the in-
ner edge of the cold front and gradually grow to the outskirts
of the field-of-view. Comparing Figures 2 and 3, we can
confirm that the WVT regions are small enough to be able
capture the overall temperature structure of the A3667 like
the ACB method. This is possible due to the high SNR for
the combined observations of A3667. The temperature val-
ues in Figure 3(a) are in agreement with the X-ray tempera-
ture map of A3667 in Owers et al. (2009b), where they used
a method similar to ACB. However, our current ACB tem-
perature map has a higher resolution near the cold front and
larger field-of-view than that in Owers et al. (2009b). We have
extracted spectra for every pixel of the map around the cold
front in order to get the sharpest profile of thermodynamic
quantities across the cold front. It is possible that Owers et al.
(2009b) might have used a lower resolution map to extract
fewer number of spectra. Comparing our current ACB map
with Owers et al. (2009b) as well as previous XMM stud-
ies (Briel et al. 2004; Lovisari et al. 2009; Finoguenov et al.
2010), we conclude that our ACB temperature map has a com-
bination of the highest resolution and largest field-of-view
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Figure 3. (a) Temperature map as derived from the ACB method (as in Section 3.2). Contours of the smoothed X-ray surface brightness map is overlayed on
both the images. (b) Corresponding 1σ error map expressed in percentages. Some of the ACB circles are overlayed on the error map to show the characteristic
scales of binning in each location of the A3667 map.
produced to date for A3667. The magnitude of the error map
also supports this map to be the highest fidelity X-ray temper-
ature map for A3667. Unfortunately, Chandra observations
do not extend to the North-West relic region. Hence, XMM
observations by Finoguenov et al. (2010) is the only study to
estimate X-ray temperatures and shocks near the radio relic.
In Figure 5 we show the pseudo-pressure and pseudo-
entropy maps derived from the smoothed X-ray surface
brightness map and the ACB temperature map. The pseudo-
pressure is calculated as P =
√
SxTx and pseudo-entropy is cal-
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Figure 4. Top row: The distribution of the σ
−
and σ+ errors with respect to
the best-fitted Tx values as obtained for the WVT temperature map (Figure 2).
The error estimation procedure is detailed in section 3.1. Bottom row: The
distribution of the σ
−
and σ+ errors with respect to the best-fitted Tx values as
obtained for the ACB temperature map (Figure 3).
culated as Ks = Tx/S1/3x . The pseudo-pressure shows a very
smooth variation near the cold front, confirming it as a con-
tact discontinuity. This will be more clear in Section 8 when
we will derive the actual pressure profile across the cold front.
On the other hand, it is clear from the pseudo-entropy map
that there is a strong jump near the location of the cold front.
Entropy is lower inside the cold front as compared to the out-
side. The pseudo-entropy map also confirms the cold front.
The resolution of the entropy map is much higher than seen
in previous studies with XMM-Newton (Briel et al. 2004).
4. SHOCK FINDER
Galaxy cluster formation is a violent process in which sub-
clusters crash onto clusters at generally supersonic velocities
creating shocks. Shocks are fundamental in understanding
the baryonic processes in the clusters because they convert
gravitational potential energy into thermal energy, thus heat-
ing the ICM (Roettiger et al. 1996; Burns 1998) and allow-
ing the cluster gas to approach hydrostatic equilibrium. There
are mainly two types of shocks in the hot ICM plasma. Ac-
cretion shocks arise at larger distances (& several Mpc) from
the cluster center. Cosmological simulations (Skillman et al.
2008; Vazza et al. 2009) predict that the much cooler IGM
(Inter-galactic Medium) accretes onto the clusters through a
system of shocks producing Mach numbers M ∼ 10 − 100
(Miniati et al. 2000; Ryu et al. 2003). The merger shocks
arise as sub-halos fall into the main clusters producing mod-
erate shocks withM. 5 (Paul et al. 2011).
One of the major goals of this paper is to study the X-ray
shocks using the highest resolution temperature maps derived
in the previous section. In order to systematically find shocks
across the entire field-of-view of the combined Chandra ob-
servations we developed an automated shock-finder. This is
adapted from the method described in Skillman et al. (2008,
2013) for numerical simulations of galaxy clusters where they
use a systematic and unbiased method of searching for shocks
in the 3-dimensional cluster environment. Their technique re-
lies on a temperature-jump based shock-finder as described
in Skillman et al. (2008). The temperature jump is preferable
to density jump as the former is more sensitive to the Mach
number. In contrast, the density jump quickly asymptotes for
strong shocks (Skillman et al. 2008).
The Rankine-Hugoniot temperature jump condition is used
to calculate the Mach number as:
T2
T1
=
(5M2 − 1)(M2 + 3)
16M2 . (1)
In the 3-dimensional shock-finding algorithm, used in cosmo-
logical simulations, a pixel is determined to have a shock if it
meets the following criteria (Skillman et al. 2008):
∇·v< 0
∇T ·∇KS > 0 (2)
T2 >T1
ρ2 >ρ1
where v is the velocity field, T is the temperature, ρ is the
density and KS = T/ργ−1 is the entropy. At each pixel, the
3-dimensional shock-finder calculates the jump in tempera-
ture and surface brightness in both grid directions. A pixel
is marked as a shock if the temperature gradient and surface
brightness gradient have the same sign since the temperature
and density both increase from pre-shock to post-shock. The
Mach number is then calculated from the temperature jump
using equation 1. This 3-dimensional shock-finder is applied
to a simulated MHD cluster (discussed in Section 5).
Since the observations are restricted to the plane of the sky,
we have modified the 3-dimensional shock-finder to work on
2-dimensional projected X-ray surface brightness and tem-
perature maps. In this modified scenario, the shock-finder
calculates the jump in temperature and surface brightness in
N evenly placed directions centering on a given pixel. For
A3667, we have used N = 64. The shock-finder then ac-
cepts those pixel-pairs between which the conditions T2 > T1
and SX1 > SX1 (a proxy for ρ2 > ρ1 in observations) in equa-
tion 2 are satisfied. The other two conditions, ∇ · v < 0 and
∇T · ∇KS > 0, in equation 2 cannot be used in the case of
observations. The Mach number for each successful pixel-
pair is noted. The Mach number with the maximum value is
chosen to be the resultant Mach number for that given pixel.
To choose the pixel-pairs in each direction we use a ’jump-
length’ from the corresponding scalemap, which gives the size
of the Voronoi region or the radius of the ACB circle for that
given pixel. A fiducial multiplicative factor is also applied on
the scale-lengths to define the ’jump-length’. The multiplica-
tive factor has been varied to assess the scale appropriate for
detecting the shocks. In these cases, we found the factor of
1.25 is appropriate for the Mach number estimation. Detailed
description of this observational shock-finder is discussed in
Schenck et al. (2014).
The resultant Mach number map for A3667 is shown in
Figure 6 for both the WVT and ACB temperature maps.
The Mach numbers are . 2 in all cases and consistent with
those found in the cores of numerically simulated clusters
(Skillman et al. 2008). For our observational shock-finder, the
resolution of the Mach number map directly depends on the
resolution of the temperature map. Since the ACB map has
a higher resolution, the resolution of the Mach number map
for ACB is higher than that in the case of WVT. Moreover,
the ACB Mach numbers are mostly around 1.5-1.6, whereas
that in WVT are mostly between 1.1-1.2. The comparison be-
tween the Mach number distributions from WVT and ACB
temperature maps are shown in Figure 7. Since the Mach
number distribution from the WVT method suffers strongly
How Much Can We Learn From A Merging Cold Front Cluster 9
Figure 5. (a) Pseudo-pressure map evaluated as P =√SxTx. (b) Pseudo-entropy map evaluated as Ks = Tx/S1/3x . For both the map Sx is same as in Figure 1(a)
and Tx is from ACB method as in Figure 3(a).
from the size scales of the WVT bins and are mostly restricted
below Mach number of 1.5, we will use the Mach number dis-
tribution from the ACB temperature map for future compari-
son with the simulations in section 7
In order to validate the observational shock-finder, we will
compare it with the original shock-finder which operates on
10 Datta et al.
Figure 6. (a) Mach number map as obtained by applying the shock-finder on the WVT temperature map [as in Figure 2(a)] and the surface brightness map
(Figure 1(a)). (b) Mach number map as obtained by applying the shock-finder on the ACB temperature map [as in Figure 3(a)] and the surface brightness map
(Figure 1(a)).
the 3-dimensional cosmological simulations in Section 7.
Since the combined Chandra observations for A3667 do not
extend beyond the central 1 Mpc region around the center of
the cluster, we will use previous radio observations of A3667
(Röttgering et al. 1997) which extend to the outskirts of the
cluster. In the following sections, we will compare the com-
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Figure 7. Mach number distribution from X-ray Mach number maps (Fig-
ure 6) for both the WVT and ACB methods.
bined shock statistics from X-ray and radio data of A3667
with the results from the 3-dimensional shock-finder on the
cosmological AMR MHD simulations.
5. SIMULATIONS
Galaxy clusters are formed due to collapse of den-
sity fluctuations involving comoving scales of ∼ 10 Mpc
which contribute to their large mass (1014 − 1015 M⊙).
Evolution of structure of the universe is mainly driven
by gravity at this regime. The growth and evolu-
tion of galaxy clusters can be very accurately mod-
eled in cosmological simulations [see Borgani & Kravtsov
(2011), for a review]. The adoption of adaptive mesh
refinement (AMR) techniques for cosmological simula-
tions (Bryan & Norman 1997a,b; Norman & Bryan 1999;
O’Shea et al. 2004; The Enzo Collaboration et al. 2013) has
increased the spatial and temporal resolution of the cosmolog-
ical hydrodynamic simulations in the region of interest. Due
to this, the shock-capturing gas dynamics schemes have im-
proved and are able to trace the galaxy cluster evolution more
accurately.
From the observations of galaxy clusters like A3667 at
multi-wavelengths (X-ray, optical, radio, etc) one can only
infer the cluster properties as projected on the plane of the
sky. Unlike observations, current state-of-the-art AMR simu-
lations trace the entire 3-dimensional evolution of the galaxy
clusters. Hence, a combination of the observations and simu-
lations can permit us to disentangle the contribution of differ-
ent physical processes occurring in the ICM plasma.
In this section we investigate the properties of an MHD
cluster (previously reported in Skillman et al. (2013)) and
compare some of the properties with A3667. It should be
noted that this simulated cluster was never meant to represent
A3667. Although there are differences between this cluster
and A3667, there are also some striking similarities.
5.1. MHD cluster
The simulated cluster was run using a modified version
of the Enzo cosmology code (The Enzo Collaboration et al.
2013). Enzo uses block-structured AMR (Berger & Colella
1989). The details of the simulation procedure for this clus-
ter have been reported in Skillman et al. (2013) which is the
same as cluster U1 in Xu et al. (2011). Here, we summarize
some major aspects of the simulation and then compare the
simulated cluster with observations.
In this simulation, clusters were formed from cosmolog-
ical initial conditions, generated at redshift z = 30 from an
Eisenstein & Hu (1999) power spectrum of density fluctua-
tions in a ΛCDM universe. The AMR criteria in this simu-
lation are the same as in Xu et al. (2011). In order to iden-
tify the shocks which ultimately accelerate the electrons that
emit synchrotron radiation, the 3-dimensional shock-finder
was used [as mentioned in Section 4 and Skillman et al.
(2008)]. A minimum pre-shock temperature of T = 104 K
was set since the low-density gas in the cosmological sim-
ulations is assumed to be ionized (a reasonable assumption
at z < 6). Therefore, any time the pre-shock temperature
is lower than 104 K, the Mach number is calculated from
the ratio of the post-shock temperature to 104 K. The 3-
dimensional shock-finder, already discussed in detail and val-
idated (Skillman et al. 2008, 2011, 2013), has been imple-
mented to run “on-the-fly” in Enzo and has the unique abil-
ity to accurately identify off-axis shocks within AMR simu-
lations and quantify their Mach number even if the shock is
identified as being spread out across several cells.
In order to estimate the synchrotron emission from the
shock waves, the method of Hoeft & Brüggen (2007) as
adapted in Skillman et al. (2011) is followed. The electrons
are assumed to be accelerated to a power-law distribution that
is related to the Mach number from Diffusive Shock Acceler-
ation or DSA (Drury 1983; Blandford & Eichler 1987) theory
in the test-particle limit. These accelerated electrons form an
extension to the thermal, Maxwellian distribution that has a
power-law form and exponential cutoff related to balancing
the acceleration and cooling times of the electrons. The ac-
celerated electrons then emit in the radio through synchrotron
radiation. In order to estimate the radio synchrotron emission,
the magnetic fields generated in the simulations are directly
used (Skillman et al. 2013). The magnetic field initialization
used is the same method in Xu et al. (2009) as the original
magnetic tower model proposed by Li et al. (2006), and as-
sumes the magnetic fields are from the outburst of AGNs.
In this simulation, magnetic fields are injected at z = 3 into
two proto-clusters which in turn belong to two subclusters.
The merged, simulated cluster at z = 0 has: Rvirial = 2.5 Mpc,
Mvirial = 1.9× 1015M⊙ and Tvirial = 10.3 keV. This simula-
tion models the evolution of dark matter, baryonic matter, and
magnetic fields self-consistently. The simulation uses an adi-
abatic equation of state for gas, with the ratio of specific heat
being γ = 5/3, and does not include photoionization/heating
or radiative cooling physics or star/galaxy feedback.
Figure 8(a) shows the projected X-ray emission which is
calculated using bremsstrahlung and free-free emission from
the Cloudy code to integrate the emission from 0.5-12.0 keV
with a metallicity of 0.3Z⊙. The radio emission from this
cluster (Figure 9(a)) shows a double-relic system. The pri-
mary cluster is moving from the North-West to the South-East
while the secondary cluster mainly to the East. This is not the
exact scenario in case of Abell 3667 or in the simulations done
by Roettiger et al. (1999) which reproduced the observed fea-
tures in simulated radio maps as in A3667. It should be noted
that this simulation is only meant to be illustrative of the pro-
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Figure 8. (a) Projected X-ray surface brightness map as obtained from the MHD simulations. (b) Projected X-ray temperature map as obtained from the MHD
simulations [see Skillman et al. (2013)].
Figure 9. (a) Radio emission at 1.4 GHz as obtained from the MHD simulations (Skillman et al. 2013). (b) Projected, WVT-binned, smoothed X-ray temperature
map as obtained from the MHD simulations. The projected temperature map has been binned and smoothed based on the WVT kernel similar to that used for
A3667 as described in Section 3.1.
cesses in a major merger and not reproduce the exact scenario
in A3667. After the core passage, the merger shock devel-
ops and moves out in both directions towards North-West and
South-East. The double-relic feature is aligned well with the
central X-ray emission. The X-ray emission (Figure 8(a)) is
also elongated along the merger axis showing its un-relaxed
nature. The projected temperature (Figure 8(b)) is not cen-
trally peaked as the X-ray surface brightness (a strong func-
tion of the density). The projected size of the simulated MHD
cluster between the two relic positions is about 4 Mpc, which
is very close to the separation of the observed double relics in
A3667.
5.2. Comparison with the X-ray Observations
Here we compare the simulated MHD cluster with the
broad features in the A3667 X-ray data. In order to com-
pare the simulated cluster properties with that of the X-ray
observations of A3667, we use the WVT binning technique
on the simulated cluster (same as in Section 3.1). The simu-
lated cluster has much higher dynamic-range in X-ray surface
brightness than the observations of A3667. Hence, we choose
an appropriate cut in the X-ray surface brightness and con-
verted that to X-ray counts. The X-ray counts were scaled
according to the count profile of A3667 such that it repre-
sents the similar detector properties as in real Chandra obser-
vations. Since there are no background files (as in real obser-
vations), we apply the WVT-binning to the signal map only
with a SNR of 50. It should be noted that the same thresh-
old was applied to the A3667 data in Sections 3.1 and 3.2.
In this case, the noise map is just the Poisson noise from the
simulated counts map. The WVT region map is used to bin
the surface brightness and temperature map and then adap-
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Figure 10. (a) Projected and X-ray emission weighted Mach number map obtained by running the 3-dimensional shock-finder on simulated MHD cluster
(Figure 8). (b) Mach number map obtained by running the 2-dimensional shock-finder on the projected, binned X-ray surface brightness and temperature maps
of the simulated MHD cluster.
tively smooth them using ASMOOTH (as in Section 3.1). The
WVT-binned and smoothed X-ray temperature map is shown
in Figure 9(b). The double radio relics in this simulated clus-
ter are located about ∼ 2 Mpc from the cluster center. This
is a close match to the distance of the observed double radio
relic in A3667 from the center of the cluster.
In order to be consistent with our shock analysis on
the Chandra data, we have applied the 2-dimensional ob-
servational shock-finder to the projected, WVT-binned and
adaptively-smoothed temperature map from the MHD cluster
simulation. The resultant Mach number map is shown in Fig-
ure 10(b). Before we proceed to compare the X-ray detected
shocks in the simulated MHD cluster with those from X-ray
observations of A3667, we need to validate our 2-dimensional
shock-finder. In order to do this comparison, we applied
the original 3-dimensional shock-finder on the 3-dimensional
data of the simulated MHD cluster. The resultant Mach num-
bers are then weighted by X-ray emission and projected onto
the 2-dimensional Mach number map (see Figure 10(a)). Both
shock-finders (Figures 10(a) & (b)) identified shocks near the
location of the radio relics (Figure 9(a)). Near the radio-relic
locations, the Mach numbers for the 3-dimensional shock-
finder are between 2.0 . M . 4.5 (Figure 10(a)) and the
Mach numbers for the 2-dimensional shock-finder are be-
tween 2.0 . M . 2.8 (Figure 10(b)). Due to projection
effects, the 2-dimensional shock-finder does not find Mach
numbers as high as those detected by the 3-dimensional
shock-finder at some pixel locations near the relic as well
as near the outskirts. In addition, the shock structure (near
the radio-relics) for the 2-dimensional shock-finder appears
wider than that for 3-dimensional shock-finder. This can be
attributed to the WVT binning that was applied to the pro-
jected X-ray surface brightness and temperature maps before
applying the 2-dimensional shock-finder on these two maps.
It should be noted that such binning procedure (see Section 3)
is required in actual X-ray observations (like A3667) to gather
sufficient SNR in each region and derive temperature maps
with reasonable error values. Considering the projection and
binning effects, the observational 2-dimensional shock-finder
has been able to detect shocks at the same locations as the
3-dimensional shock-finder. We will further validate the 2-
dimensional shock-finder in section 7 using the Mach number
distributions.
After validating our 2-dimensional shock-finder, we com-
pare the X-ray shock features between the simulated MHD
cluster with Chandra results of A3667. In the inner regions
of the cluster (. 1 Mpc), the Mach numbers from the 2-
dimensional shock-finder (Figure 10(b)) are∼ 0.9−1.8 which
is consistent with the Mach number maps of A3667 (Fig-
ure 6). However, the agreement is only valid for the inner
∼ 1 Mpc of A3667 due to the absence of any X-ray data ex-
tending to the radio relic locations. In the next section, we
use previous radio observations by Röttgering et al. (1997) to
calculate the shock Mach numbers from the region around the
radio relics and then compare the combined X-ray/radio es-
timates of the Mach number distribution with that from the
simulated MHD cluster.
6. SHOCKS FROM RADIO OBSERVATIONS
Over the past decade, sensitive radio observations have in-
creased our knowledge of the properties of the non-thermal
components of the ICM. Several clusters have been de-
tected in the radio wavelengths showing diffuse synchrotron
emission in the central (radio halo) and peripheral (radio
relic) cluster regions (Feretti et al. 2012). Rotation Mea-
sure studies in the radio bands reveal the existence of
large scale magnetic fields in the ICM which is ampli-
fied by the shocks (Iapichino & Brüggen 2012). The ra-
dio relics are associated with the shocks and have moder-
ately polarized radio emission with spectral indices of α ∼
1 − 2 for surface brightness S ∝ ν−α (Röttgering et al. 1997;
Bagchi et al. 2006; van Weeren et al. 2011) . This spec-
tral shape suggests that the electrons are recently shock-
accelerated (Blandford & Eichler 1987). These electrons un-
dergo diffusive shock acceleration or DSA (Drury 1983;
Schure et al. 2012), which is a first-order Fermi mechanism
where electrons are accelerated by reflecting off magnetic
field perturbations created by plasma effects in shock waves.
The MHD cluster discussed in section 5 used magneto-
hydrodynamic evolution of a galaxy cluster from cosmolog-
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Figure 11. (a) Radio Spectral index map as obtained from the maps of radio observations at 13 and 20 cm [Huub Röttgering (private communication)].
The observations were carried out with the ATCA (Röttgering et al. 1997). (b) Radio Mach number map obtained from the spectral index map following
Rosswog & Brüggen (2007).
ical initial conditions to model radio relics (Skillman et al.
2013). Shocks are located using the 3-dimensional shock-
finder (Skillman et al. 2008) as discussed in Section 4 and
models of cosmic ray electron acceleration are applied. The
thermodynamic properties of the radio-emitting plasma are
utilized to make synthetic radio maps for this simulated clus-
ter which shows a double relic system (Skillman et al. 2013).
So far in this paper, we compared the shocks in A3667 with
the simulated MHD cluster (as discussed in Section 5) within
the inner ∼ 1 Mpc region of A3667. In order to study the
shocks beyond the∼ 1 Mpc region, we now include the radio
observations from Röttgering et al. (1997) as shown in Fig-
ure 1(a). The radio relics extend up to ∼ 1.8 Mpc from the
center of the cluster which is similar to the distance of the
relic in the simulated MHD cluster from its center.
The radio observations were made at 13 and 21 cm wave-
lengths with the ATCA. The details of the observations are
discussed in Röttgering et al. (1997). We have used the radio
maps at the two frequencies shared by Huub Röttgering in a
private communication. The restoring beam size or resolu-
tion of these images are 18×18 arcsec. From these images, a
spectral index map was created between these two frequencies
with a Python7 script. Figure 11(a) shows the spectral index
map. The spectral index map is similar to the one reported
in Röttgering et al. (1997). In this map, the North-West relic
is clearly visible but not the South-East counterpart. This is
due to the fact that the 13cm observations from the ATCA has
the South-East relic at the very edge of the image which is
also dominated by high RMS noise. Since the region around
the South-East relic has a very low Signal-to-Noise ratio in
the higher frequency map, it is not significant in the spectral
index map.
In A3667, as we are viewing the relic “edge-on”, the radio
spectral index (α) should be sensitive to the prompt emission
from the shock front (Skillman et al. 2013) and is given by
7 http://www.python.org/
α = αprompt = (1 − s)/2, where s is the spectral index of the
accelerated electrons given by ne(E)∝ E−s (Hoeft & Brüggen
2007). The theory of diffusive shock acceleration (DSA) for
planar shocks, at the linear test-particle regime, predicts that
this radio spectral index is related to the shock Mach num-
ber by (Blandford & Eichler 1987; Hoeft & Brüggen 2007;
Ogrean et al. 2013):
M2 = 2α− 3
2α+ 1
(3)
where α is the radio spectral index (SR ∝ να). Follow-
ing the above equation we have constructed the Mach num-
ber map for the radio data shown in Figure 11 (b). Mach
numbers are found to be ∼ 2.6 near the outer edge of the
North-West relic. Previous studies of A3667 with XMM-
Newton (Finoguenov et al. 2010) derived the Mach number
near the relic to be 2.4± 0.77. This is consistent with our re-
sults. Alternatively, if the relic is viewed “face-on” the radio
spectral index is sensitive to cumulative spectral index (α =
αintegrated = −s/2) due to emission from electrons over the en-
tire lifetime. Hence, the corresponding Mach number is given
by M2 = (α + 1)/(α − 1) (Pinzke et al. 2013; Skillman et al.
2013). Although the relic in A3667 is viewed “edge-on”, the
exact estimate of the outer edge of the radio-relic (or the lead-
ing edge of the shock front) can only be estimated with re-
spect to the dynamic range in the radio images. Hence, there
is a possibility that our Mach number map (Figure 11 (b)) in-
cludes some aged electron population. Here, we also estimate
the Mach number derived from the integrated spectral index at
the radio-relic location of A3667. The integrated spectral in-
dex around relic region for A3667 is αintegrated = −1.47 which
gives us a Mach number of 2.29. This is also in agreement
with the XMM results of Finoguenov et al. (2010).
7. COMPARISON OF THE SIMULATIONS WITH X-RAY AND RADIO
OBSERVATIONS
In section 5.2, we have already shown that our obser-
vational 2-dimensional shock-finder identifies shocks at the
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Figure 12. Mach number distributions from X-ray and radio data along with the simulated MHD cluster: Mach number distributions from the 3-dimensional
shock-finder are shown for the inner∼ 1 Mpc region of the MHD cluster (in red) and the entire∼ 4 Mpc region including the location of the double radio-relics (in
green). The black line corresponds to the Mach number distributions from the observational shock-finder applied to the projected and WVT-binned temperature
map of the simulated MHD cluster. The blue line shows the Mach number distribution from the observational shock-finder applied to the ACB temperature map
of A3667. The magenta line corresponds to the radio Mach number distribution derived from the ATCA observations of A3667 (Röttgering et al. 1997). The
region below Mach Number 1.5 is shaded in yellow as all the curves are normalized for this Mach number value.
same locations as the original 3-dimensional shock-finder
(Skillman et al. 2008). However, the Mach number values
are higher at some pixel locations near the shocks for 3-
dimensional shock-finder than in the 2-dimensional counter-
part. Here, we extend the validation of the 2-dimensional
shock-finder by comparing the Mach number distribution cal-
culated from the WVT-binned projected temperature maps of
the simulated MHD cluster (Figure 10(b)) with the original 3-
dimensional shock-finder that is used in the cosmological sim-
ulations. Then we will proceed to compare the observational
shock-finder results on the A3667 X-ray and the Mach num-
ber distribution from the radio data with the 3-dimensional
shock-finder results from the simulated MHD cluster. In or-
der to guide the reader through the interpretation in this sec-
tion, we refer to Figure 12 which summarizes all the relevant
results to be discussed in this section.
Since the A3667 X-ray data do not extend near the location
of the double radio relics, we have used two Mach number dis-
tributions from the 3-dimensional shock-finder: a) Sim-1Mpc
curve – for the inner ∼ 1 Mpc region of the MHD cluster
(red line in Figure 12) and b) Sim-4Mpc curve – including
the entire MHD cluster of ∼ 4 Mpc size (green line in Fig-
ure 12) including the double radio relics. The Mach number
values in the Sim-1Mpc curve only extends to M . 2. This
is consistent with the fact that the shocks at the inner part of
the cluster are expected to have lower Mach numbers. On
the other hand, the Sim-4Mpc curve includes the outskirts of
the cluster and traces shocks with higher Mach number . 6,
same as in Figure 10(a). It should be noted that results from
the 3-dimensional shock-finder do not suffer from the pro-
jection effects and can find shocks with higher Mach num-
ber than the observational shock-finder which operates on the
2-dimensional projected surface brightness and temperature
maps.
Next, we compare the Sim-1Mpc and Sim-4Mpc curves with
the Sim-WVT curve (black line in Figure 12) – the result from
the observational shock-finder operating on the projected and
WVT-binned temperature map of the simulated MHD clus-
ter. We should note that different Mach number distributions
shown in Figure 12 are normalized with the Sim-WVT curve
at Mach number value of 1.5. Due to this normalization the
agreement between the slopes of different Mach number dis-
tribution is more pronounced in the region above Mach of
1.5. Hence, the region below Mach of 1.5 is shaded in the
Figure 12 and we have less confidence in distributions for
these Mach numbers. The slope of the Mach number distribu-
tion (in black) matches with the Sim-4Mpc curve. However,
the Mach number values in Sim-WVT curve are restricted to
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M . 3. This can be due to two reasons. Firstly, in Section 5
we have used an appropriate cut on the X-ray surface bright-
ness of the simulated cluster in order to compare with A3667
X-ray results. This cut has restricted the field-of-view of the
simulated MHD cluster to only the regions . 4 Mpc from the
center of the cluster. Hence, the Sim-4Mpc curve may include
regions at larger radii from the center of the cluster than in the
Sim-WVT curve. Secondly, the Sim-WVT curve also suffers
from projection effects, which can make strong shocks to ap-
pear weaker. Considering the above two limitations, we can
infer that the results from the 3-dimensional shock-finder are
in agreement with that of the observational shock-finder and
successfully validates the latter.
We now proceed to compare the Sim-1Mpc curve with the
results of the observational shock-finder on A3667 X-ray data.
The A3667-X curve (blue line in Figure 12) corresponds to
the Mach number distribution from the observational shock-
finder when applied on the X-ray surface brightness and ACB
temperature map of A3667 (Figure 3(a)). It is relevant to note
here that the combined Chandra observations of A3667 are
only limited to the central∼ 1 Mpc from the center of the clus-
ter and do not extend to the location of the double radio relics.
This is similar to the case of Sim-1Mpc curve. Figure 12
shows that the slopes of these two Mach number distributions
(A3667-X and Sim-1Mpc curves) are well in agreement. The
Mach number values in A3667-X curve are restricted to . 2
as in Sim-1Mpc curve. Also, the slopes of both these distri-
butions match very well considering the fact that the A3667-X
curve is influenced by the binning with ACB circles (shown
in Figure 3(b)).
Now, we include the A3667 radio data which extends to the
location of the double relics (Figure 1(a)) and traces shocks at
the outskirts of the A3667 cluster (∼ 1.8 Mpc from the center
of the cluster). This is similar to the case of Sim-4Mpc curve.
The A3667-R curve (magenta line in Figure 12) corresponds
to the Mach number distribution from the radio Mach num-
ber map (Figure 11(b)). The radio Mach number values in
A3667-R curve extends to higher Mach numbers (. 6) as in
Sim-4Mpc curve. Moreover, the slope of the two distributions
(A3667-R and Sim-4Mpc curves) are in excellent agreement.
It should be again noted that the simulated MHD cluster was
never meant to reproduce the morphology of the A3667 ob-
servations and is only meant to illustrate the processes in a
major merger. The similarity in the Mach number distribu-
tions between A3667 and the MHD cluster, irrespective of
the morphology or the dynamics, might hint at the fact that all
merging clusters have similar shock statistics.
From the results discussed in this section, we have three
major conclusions. Firstly, we can conclude that the shocks in
a real observed galaxy cluster like A3667 can be reproduced
in the current state-of-the-art MHD AMR simulations [e.g.
Skillman et al. (2013)] due to accurate modeling of the physi-
cal processes in the ICM. Secondly, we have demonstrated the
need to combine the observations at X-ray and radio wave-
lengths to analyze the shocks in a galaxy cluster (like A3667)
accurately. This is a key result from our work. Finally, we
have validated a 2-dimensional observational shock-finding
algorithm that can now be used to detect shocks in other X-ray
data on galaxy clusters.
8. STRUCTURE OF THE COLD FRONT
Cold fronts in galaxy clusters were first confirmed in
Abell 2142 (Markevitch et al. 2000) and in Abell 3667
(Vikhlinin et al. 2001a) from the high resolution Chan-
dra observations. Cold fronts are seen as an edge-
like feature in the X-ray surface brightness map, but
the density and temperature jumps across the cold front
do not follow the Rankine-Hugoniot shock jump condi-
tions. Moreover, the pressure is continuous across the
cold front which confirms that the cold fronts are contact-
discontinuities and not shocks. Several other galaxy clus-
ters are also found to have a single [e.g. 1ES0657-558,
Abell 1201 (Owers et al. 2009b)] or multiple [e.g. Abell
521 (Bourdin et al. 2013)] cold fronts in Chandra and XMM-
Newton observations. Cosmological hydrodynamic simula-
tions show that origin of cold fronts during a cluster merger
can happen in multiple ways (Mathis et al. 2005; Poole et al.
2006; Ascasibar & Markevitch 2006; Hallman et al. 2010;
ZuHone et al. 2013). Cold fronts can be classified broadly
as: a) “remnant core”- where the discontinuity occurs be-
tween infalling subcluster’s cool-core and hot ambient ICM
of the main cluster and b) “sloshing”- where the discontinu-
ity occurs at the interface of the higher entropy gas at the
outer region of the cluster and the cool, dense gas which is
displaced from the cluster core due to some disturbance [see
Markevitch & Vikhlinin (2007) for a review].
Here, we study the cold front in A3667. In a previous
study, Vikhlinin et al. (2001a) used a single Chandra observa-
tion (exposure time ∼ 49 ksec) to derive the thermodynamic
properties across the cold front in A3667 and constrain the
width of the front. Moreover, their analysis suggested that the
transport processes across the front should be suppressed to
maintain the sharpness of the front. In addition, their anal-
ysis suggested the existence of a possible bow-shock about
∼ 350 kpc away from the cold front.
In order to further investigate the cold front in A3667 with
the combined Chandra observations of ∼ 447 ksec, we cre-
ated sectors of concentric annuli between position angle 215◦
and 245◦ (same as in Vikhlinin et al. (2001a)). The center of
the annuli were located near the center of the cluster. We cre-
ated 40 annular sectors with varying radial width such that
each sector contain sufficient SNR in order to fit temperature
to each extracted spectrum from each region. Figure 13 shows
the exact location of these annular sectors with respect to the
ACB temperature map. Moreover, the spectra from differ-
ent observations corresponding to the same region were com-
bined following the same method as described before in the
section 3.1. Since these annuli have to be of certain radial
width in order to have sufficient SNR, the exact width of the
cold front can be overestimated by this method. On top of this
there can be projection effects which can further increase the
width of the cold front. Hence in order to get a higher reso-
lution estimate of the cold front width, we also used the ACB
temperature map and derived a temperature profile along the
line shown in cyan in Figure 13.
8.1. Thermodynamic Properties across the Cold Front
Here we discuss the profiles of thermodynamic quantities
like density, temperature, pressure, and entropy across the
cold front in A3667. Figure 14 shows the profiles of the ther-
modynamic properties for the annular sectors as shown in Fig-
ure 13. The profile of average X-ray surface brightness over
each annular sector (Figure 14a) shows a jump by a factor of
∼ 2 over the width of 24 kpc (distance between the centers
of the adjacent annuli across the front edge, as shown in Fig-
ure 13). Since the adjacent annular bins are of same radial
widths, the error in the width of the cold front can be calcu-
lated as half of the width of the annular bin. Hence, the cold
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Figure 13. The annular regions, over which the cold front temperatures have been extracted, are overlayed on top of the ACB temperature map (in black). Also
shown the line (in cyan) along which a slice is extracted from the ACB temperature map for higher resolution data across the cold front. The ACB temperature
map is same as in Figure 3. The colorbar shows the temperature values in keV.
Table 2
Cold Front Analysis
Region ∆R kTx
(
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kTout
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SinE
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kpc keV 10−3 cm−3 kpc kpc kpc
In (Annuli) 24 4.39± 0.01 0.58 3.42± 0.01 2.46 0.97 0.38 1.73 14.73 2.18
Out (Annuli) ±12 7.48± 0.13 ±0.06 1.39± 0.01 ±0.01 ±0.09 ±0.03 12.32
In (ACB) 26 4.58± 0.31 0.65 – – 0.95 0.65 1.88 11.61 2.22
Out (ACB) ±2 6.99± 0.65 ±0.09 – – ±0.23 ±0.12 10.76
Note. — Details of the thermodynamic quantities across the Cold Front. The treatment is similar
to previous work by Vikhlinin et al. (2001a). PinPout =
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noute
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)
and S
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E
SoutE
=
(
noute
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)2/3 ( kTin
kTout
)
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front width can be estimated as ∆R = 24± 12 kpc. However,
the unsmoothed surface brightness profile (Figure 14b) shows
a jump by a factor of ∼ 2 over 12 kpc width, which is consis-
tent with the width of the cold front (∆R) as estimated above.
Inside XSPEC, the APEC normalization (ηAPEC) from spec-
tral fitting can be used to derive the electron density over each
of the concentric annular sectors. Following Walker et al.
(2013) and Henry et al. (2004), we calculated the electron
density (ne) as:
ne = 2.18× 10−5h−1/270
√
ηAPEC
V (Mpc3)DA(Mpc)(1 + z) (4)
The volume of each annular sector is given by V ≈
(4/3)D3AΩ(θ2out − θ2in)1/2 where Ω is the solid area of the an-
nular sector while θout ,θin are the outer and inner angular dis-
tances to the edges of the annular sectors from the center of
the cluster (Walker et al. 2013). Figure 14c shows the electron
density from the above calculation (equation 4). The elec-
tron density shows a jump of & 1.7 over the 24 kpc width
of the front (shown as two vertical lines in all the plots of
Figure 14. The electron density of the annular sector is still a
projected quantity on the plane of the sky. In order to estimate
the real electron densities we apply spherical deprojection
technique (Kriss et al. 1983; Wong et al. 2008; Blanton et al.
2009). Equation A1 in Kriss et al. (1983) presents a relation
to estimate the emission density Ci j(counts s−1cm−3). In or-
der to convert the emission density to the electron density, we
follow Cavagnolo et al. (2009) and Donahue et al. (2006):
ne(r) =
√
(ne/np)4pi[DA(1 + z)]2Ci j(r)ηAPEC(r)
10−14 f (r) (5)
where r is the distance from the center of the cluster and f (r)
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Figure 14. Eight panels showing temperature, surface brightness, pressure and entropy variation across the cold front. This plot corresponds to the annular
sectors (Figure 13) extracted across the cold front [as discussed in section 8]. (a) The X-ray surface brightness averaged over each annular sectors is shown.
The vertical lines show the approximate width of the cold front. The error-bars in the X-ray surface brightness are also shown but they are nearly the width of
the curve. (b) Pixel-by-pixel X-ray surface brightness along the line (shown in cyan: Figure 13). (c) The electron density profile calculated from the APEC
normalization (equation 4). (d) Deprojected electron density profile calculated from Equation 5. (e) The projected temperature as fitted from the extracted spectra
over each annular sectors. The 1 −σ errorbars are also shown. (f) The pseudo-pressure across the cold front (P =√SxTx). (g) The pressure (in 1.6× 10−13 Pa)
across the cold front (P = neTx) as derived from the deprojected density. (h) The entropy across the cold front (KS = n−2/3e Tx) as derived from the deprojected
density. See the text for discussion.
is interpolated spectroscopic count rate. Figure 14d shows
the deprojected electron density from the above calculation
(equation 5). The sharp jump in the electron density by a
factor of 2.46± 0.01 (see Table 2) over the cold front width
(∆R) is evident from the plot. It should be noted that the de-
projected electron density shows a much higher jump across
the cold front than the projected ne (Figure 14c).
Figure 14e shows the fitted temperature for each of the 40
annular sectors. In order to obtain a deprojected temperature
profile, we would have needed much larger annuli in order
to achieve sufficient counts to fit multi-component APEC for
the deprojection analysis. The deprojection of temperature
will have a much larger uncertainty over the actual width of
the cold front. Hence, we have not carried out a temperature
deprojection. The projected temperature jump across ∆R is
about 0.58± 0.06 (from inside to outside). Figure 14f shows
the pseudo-pressure profile (P = Tx
√
Sx) across the cold front.
This profile shows that there is no jump in the pressure across
the cold front. Figure 14g shows the pressure (product of de-
projected ne and projected Tx: P = neTx) across the cold front.
A cold front is a contact discontinuity and there should not be
any jump in the pressure across the cold front. The pressure
jump across the cold front is calculated to be 0.97±0.09 (Ta-
ble 2) between the regions inside the front to the outside. This
continuity in pressure confirms the cold front in A3667 to be
a contact discontinuity. Figure 14h shows the entropy profile
(KS = n−2/3e Tx) with the deprojected electron density. The jump
in the entropy is calculated to be 0.38± 0.03 across the cold
front (inside to outside). All these thermodynamic parameters
are evaluated and tabulated in Table 2.
Previous study by Vikhlinin et al. (2001a) derived the tem-
perature jump across the cold front to be 0.53±0.06 and den-
sity jump to be 3.9± 0.83. In a later study by Owers et al.
(2009b), they found the temperature jump across the cold
front to be 0.45± 0.08 and the corresponding density jump
to be 2.6± 0.2. The temperature jump from our analysis
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Figure 15. Four panels showing temperature, surface brightness, pressure
and entropy variation across the cold front along the ’cyan’ line in Figure 13.
(a) Temperature along the line derived from the ACB map (Figure 3(a)). (b)
X-ray surface brightness profile along that line. (c) Pseudo-pressure profile:
P =
√
SxTx. (d) Pseudo-entropy profile : KS = S−1/3x Tx. See the text for dis-
cussion.
(Tin/Tout = 0.58± 0.06) is consistent with the previous two
studies. The density jump across the front is consistent with
that in Owers et al. (2009b). However, the density jump re-
ported in Vikhlinin et al. (2001a) is much higher than our
analysis. Vikhlinin et al. (2001a) derived the density outside
the cold front from their β-model fit to the X-ray surface
brightness at regions extending beyond ∼ 70 kpc from the
cold front. In our analysis, the density outside the cold front
is derived within ∼ 12.14 kpc from the edge of the cold front.
Hence, we obtained a higher value of density outside the cold
front than in Vikhlinin et al. (2001a) which resulted in lower
density jump.
Vikhlinin et al. (2001a) derived the width of the cold front
to be 2 kpc based on the X-ray surface brightness jump
only. The temperature jump was derived over a much larger
width & 40 kpc (see Figure 4b in Vikhlinin et al. (2001a)).
In our analysis, we find the width of the cold front to be
∆R = 24±12 kpc from both the density and temperature pro-
files. Owers et al. (2009b) derived the temperature and den-
sity jumps across the cold front within a region of ∼ 70 kpc
from the cold front. Here, the combined Chandra observa-
tions allowed us to derive a higher resolution WVT and ACB
temperature maps with lower error estimates. Hence, we are
able to derive a much tighter constrain on the width of the cold
front (based on both temperature and density jumps) than in
any previous studies. Due to the sizes (24 kpc) of the annular
sectors (Figure 13), it is possible that the cold front is still not
resolved and our estimate of the cold front width is an upper-
limit.
The concentric annuli have a significant width so that there
are sufficient counts for a temperature fit. In order to check
whether the width of the cold front inferred from this above
analysis is over-estimated, we used the ACB temperature map
(Figure 13). We have used a line slice (cyan line in Figure 13)
through the ACB temperature map and smoothed X-ray sur-
face brightness map to derive the temperature, surface bright-
ness, pressure and entropy across the cold front. Figure 15
shows the profiles across the cold front using the ACB tem-
perature map. The values of the thermodynamic parameters
are tabulated in Table 2. The width of the cold front is esti-
mated as ∆R = 26± 2. The temperature jump across the cold
front is 0.65± 0.09 over this width. The entropy profile in
Figure 15 gives a jump of 0.65± 0.12. The pressure from
the ACB temperature map is continuous across the cold front
with a jump of 0.95± 0.23 [see Table 2]. Although the ACB
temperature map has higher resolution, the ACB circles are
not designed to trace the cold front. However, the continuity
in pressure from these projected profiles across the cold front
again confirms the same to be a contact discontinuity.
8.2. Stability of the Cold Front - Constraints on Thermal
Conduction
In this section, we investigate the effect of the transport
processes in maintaining the sharpness of the cold front in
A3667. The sharpness of the cold front in A3667 suggests that
the heat transport processes across the front are suppressed.
Previously, there were several studies to investigate the stabil-
ity of the cold fronts (Vikhlinin et al. 2001a; Asai et al. 2004;
Churazov & Inogamov 2004; Asai et al. 2005; Xiang et al.
2007; ZuHone et al. 2013).
(i) Diffusion Across the Cold Front: In order to understand
the transport processes across the cold front, we have com-
pared the width of the cold front (as calculated in the previous
section) with the Coulomb mean free path of the electrons
and protons in the plasma on either side of the cold front.
The Coulomb mean free path of the electrons (λe) at a loca-
tion with electron density ne and temperature Tx is given by
(Vikhlinin et al. 2001a; Spitzer 1962):
λe = 15kpc
(
Tx
7 keV
)2( ne
10−3 cm−3
)
−1
(6)
From the equation 6, we can deduce the mean free paths of
thermal particles in the gas on inside (λine ) and outside (λoute )
of the cold front. In order to estimate the Coulomb diffusion
of the particles traveling across the cold front, we also need
the mean free paths of the particles from one side of the front
crossing into the gas on the other side. They are given by
λin→oute and λout→ine (Spitzer 1962):
λin→oute = λ
out
e
T inx
T outx
G(1)
G(
√
T inx /T outx )
(7)
λout→ine = λ
in
e
T outx
T inx
G(1)
G(
√
T outx /T inx )
(8)
where G(x) = [Φ(x) − xΦ′(x)]/2x2 and Φ(x) is the error func-
tion (Vikhlinin et al. 2001b).
Following equation 6 and the values of the thermodynamic
quantities across the cold front (Table 2), we derive λine =
1.7 kpc, λoute = 12.3 kpc, λin→oute = 14.7 kpc and λout→ine =
2.2 kpc from the annular sector data. For the higher resolu-
tion ACB data, the quantities are calculated as λine = 1.9 kpc,
λoute = 10.8 kpc, λin→oute = 11.6 kpc and λout→ine = 2.2 kpc(Table 2). If Coulomb diffusion is active in A3667 then we
should expect the width of the cold front to be smeared up
to several times that of λin→oute . Since the cold front width
is ∆R = 24± 12 kpc, the Coulomb diffusion has to be sup-
pressed in A3667.
(ii) Thermal Conduction Across the Cold Front: Further,
we consider the effect of thermal conduction on the cold front.
In order to estimate the characteristic time-scale of conduc-
tion across the width of the cold front, we follow the analysis
for Abell 2142 as described in Ettori & Fabian (2000). In the
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ICM, heat is conducted down the temperature gradient fol-
lowing (Sarazin 1988):
Q = κ∇Te (9)
where Q is the heat flux,∇Te ≈∆Te/∆R and κ is the thermal
conductivity given by (Cowie & McKee 1977):
κ = 1.31neλe
(
kBTe
me
)1/2
(10)
where λe is the Coulomb mean free path and me is the electron
mass.
Cowie & McKee (1977) showed that if the Coulomb mean
free path is comparable to the scale of the thermal gradient
(∆R) then the thermal conductivity can be suppressed by an
order of magnitude from the Spitzer value due to the develop-
ment of electrostatic fields. Moreover, the heat flux tends to
saturate to a limiting value given by (Cowie & McKee 1977):
Qsat = 0.42
(
kBTe
pime
)1/2
nekBTe = 0.023
(
kBTe
10keV
)3/2( ne
10−3cm−3
)
(11)
where the factor 0.42 is due to the reduction effect on the
heat conduction caused by the development of the electro-
static field (Spitzer 1962). The maximum heat flux in a plasma
is given by (Ettori & Fabian 2000):
Qmax = 1.5nekBTe dRdτ (12)
where δτ is the time-scale of conduction.
In the case of A3667, the error estimate on the width of the
cold front is large (∆R = 24± 12 kpc). Hence, we consider
both the cases: a) the width of the cold front (∆R) comparable
to the Coulomb mean free path λoute (Table 2) and b) ∆R >>
λoute . For the case a) ∆R≈ λoute the heat flux will be saturated.
Hence, to compute the characteristic time scale of conduction,
we equate Qsat = Qmax [equations 11 and 12]. For case b)
∆R >> λoute , we compute the time scale of conduction by
equating Q = Qmax [equations 9 and 12]. The time-scales of
the conduction for both the above cases are given by:
δτ = 1.4± 0.1× 106yr ∀ ∆R≈ λoute
δτ = 8.2± 1.0× 106yr ∀ ∆R >> λoute (13)
Roettiger et al. (1999) concluded that the merger event in
A3667∼ 109 years old. Since the cold front is associated with
the merger event in A3667, we compare the characteristic
conduction time-scales (from equation 13) with this age. The
time required for thermal conduction with classical Spitzer
conductivity (equation 10) to erase the thermal gradient across
the cold front is . 107 years which is much smaller than the
predicted age of the merger in A3667. Hence, we conclude
that the thermal conduction should be suppressed by a fac-
tor of ∼ 100 − 700 than the classical Spitzer value (equation
10) in A3667. This is necessary to maintain the sharpness of
the cold front seen in the X-ray observations. In comparison,
Ettori & Fabian (2000) found the thermal conduction should
be suppressed by a factor of 250 − 2500 to account for the
sharpness of the cold front in Abell 2142.
The suppression of transport processes in the ICM is
generally explained due to presence of magnetic fields
(Carilli & Taylor 2002). Vikhlinin et al. (2001b) derived the
strength of the magnetic field to be 6 < B < 14 µG from
the geometry of the cold front. For the above calculation
Figure 16. Geometry of the flow of less dense ambient gas past a body of
dense gas. The interface between this dense, colder gas and less dense hot gas
is marked by the cold front in A3667 (solid curve between points 0 and 0’).
Also shown the possible bow-shock region, dashed vertical region between
points 1 and 2, as suggested by Vikhlinin et al. (2001a).
of the isotropic thermal conduction (in absence of magnetic
field) we have considered the width of the cold front (∆R) to
be the characteristic length-scale of conduction. In presence
of the magnetic field, the characteristic length-scale of heat
exchange is reduced to the Larmor radius (Asai et al. 2004;
Rosswog & Brüggen 2007):
RL = 8.1× 10−16
(
B
1µG
)
−1( Tx
5 keV
)1/2
kpc (14)
where B & 6µG is the lower limit of magnetic field estimate
from Vikhlinin et al. (2001b) and Tx = Tout = 7.48±0.13 from
Table 2. The value of Larmor radius for A3667 comes out to
be RL . 1.7× 10−16 kpc. This result (RL << ∆R) suggests
that in presence of magnetic field the thermal conduction will
be suppressed and cannot erase the entire cold front (width of
∆R = 24± 12 kpc) in A3667 over 109 years.
Asai et al. (2005) used 3-dimensional MHD simulations
with various conduction scenarios to reproduce the observed
X-ray surface brightness of A3667 across the cold front.
Their results clearly show that cold front in A3667 can last
for 109 years only in the presence of magnetic field and
anisotropic heat conduction, where heat is conducted only in
the direction of the magnetic field lines. Their results veri-
fied that isotropic thermal conduction destroys the cold front
in . 107 years in absence of magnetic field. ZuHone et al.
(2013) also carried out a series of MHD simulations in the
core of galaxy clusters using anisotropic thermal conduction.
Their results confirm that the sharp cold fronts observed in
Chandra observations (e.g. A3667) cannot be reproduced
with full Spitzer conduction.
8.3. Velocity of the Cool Gas
Here we investigate the existence of a possible bow-shock
that was suggested in Vikhlinin et al. (2001a). In order to do
so, we need to first summarize the theory of supersonic flow
past a blunt-edged body (as described in Landau & Lifshitz
(1959)).
In case of a supersonic flow past an arbitrary body, a shock
wave is formed in front of the body (Figure 16). If the body
is not pointed then the shock front is detached from the body.
In A3667 a similar scenario can be represented by the cold
front. The cold and denser gas cloud inside the cold front
can be treated as a body with a blunt-edge and the hot, less-
dense ambient gas (away from the cold front) can be treated
as a streamline flow. The point ’0’ in Figure 16 represents
the ’stagnation point’ where the relative velocity of the flow is
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zero with respect to the cold front. Along the streamline, the
pressure at points ’0’ and ’2’ are related by equation 122.1 in
Landau & Lifshitz (1959):
P0 = P2
[
1 +
γ − 1
2 M
2
2
] γ
γ−1
(15)
where γ = 5/3 and M2 is the Mach number at point 2. If the
velocity of the body is supersonic then there is a bow shock
between the points 2 and 1. Then the pressures P1 and P2 will
be related by a shock jump condition. However, if the velocity
of the body is not supersonic then a shock is not created and
P1 = P2. Hence, if the velocity of the body is sub-sonic P0 and
P1 are related by:
P0 = P1
[
1 + γ − 1
2
M21
] γ
γ−1
(16)
Vikhlinin et al. (2001a) derived the pressure jump between
the points ’0’ and ’1’ to find P0/P1 = 2.09± 0.48 which cor-
responds to a Mach number of M = 1.0± 0.2. They also
detected a jump in X-ray surface brightness and temperature
about 350 kpc in front of the cold front. They proposed this
to be the location of a possible bow-shock. Such a bow-shock
is also predicted from the theory (discussed above) only if
the flow is supersonic. In our analysis, we obtained the pres-
sure just outside the cold front to be P0 = 10.9±0.5 and about
400 kpc away from the cold front to be P1 = 8.6± 0.9. Both
P0 and P1 are in units of 1.6× 10−13 Pa. Hence, the resultant
pressure jump is P0/P1 = 1.3±0.2. Using equation 16, we ob-
tain the value of the Mach number M1 = 0.6± 0.2. Therefore
the velocity of the dense gas cloud inside the cold front can
be derived as(Vikhlinin et al. 2001a):
v = M1c1 = M1
(
γT1
mpµ
)1/2
(17)
where µ = 0.6 is the mean molecular weight of the intraclus-
ter plasma and T1 = 8.5± 0.9 keV (Figure 14e). Therefore,
we get the velocity of the cloud to be v = 900± 330 km s−1.
Vikhlinin et al. (2001a) estimated the velocity of cold, dense
gas cloud to be 1430± 290 km s−1. In our analysis, we found
the velocity of the cold front to be sub-sonic with respect to
the ambient which suggests that we should not see a bow
shock within ∼ 400 kpc in front of the cold front. In Fig-
ures 14 and 15 we have shown the profiles of thermodynamic
quantities up to ∼ 400 kpc away from the cold front. Both
these Figures do not show any hint of a jump in X-ray surface
brightness or temperature in the proposed location of the bow-
shock (Vikhlinin et al. 2001a). Moreover, the Mach number
maps in Figure 6 also do not show any signature of a bow
shock near the proposed location. This can be due to the fact
that the proposed location of this bow shock falls very near
the edge of the field-of-view in the current Chandra obser-
vations where we do not have sufficient sensitivity to detect
small jumps in temperature or the X-ray surface brightness.
Hence, it is not possible to infer anything about the existence
of this possible bow shock from the current X-ray data as sug-
gested in Vikhlinin et al. (2001a). On the contrary, the derived
value of M1 = 0.6± 0.2 suggests that there should not be any
bow shock at locations further away from the cold front.
9. CONCLUSION
In this section, we summarize the major results and conclu-
sions from this paper. Here, we have analyzed the extensive
Chandra archival data of A3667 and have produced new high
resolution, large field-of-view temperature maps for the clus-
ter (Figures 2 and 3). We have compared two temperature
map making methods (WVT and ACB) and discussed in detail
their relative advantages. The advantage of the WVT method
is that it produces spatially non-overlapping regions which are
statistically independent. We can propagate errors from WVT
temperature maps to evaluate the errors in the resulting Mach
number map. However, the major limitation of the WVT map
is that it can miss some temperature structure near low SNR
regions. The ACB method complements the WVT method
in this aspect. Due to a different binning kernel, the ACB
method can detect temperature structures at scales below the
individual WVT regions. However, the adjacent ACB regions
are highly correlated. Hence, it is impossible to derive statis-
tically independent error estimates for temperatures between
neighboring pixels. Therefore, combined interpretations of
both the WVT and ACB results are required to extract rele-
vant temperature structure from any galaxy cluster X-ray data.
Computationally, ACB is an expensive process. Hence, we
advise to run the WVT temperature map first in order to find
the appropriate SNR value and then proceed with the ACB
method.
Since the effective exposure time of all the combined Chan-
dra observations is very high (∼ 447 ksec), the correlation
length of the ACB circles is very small as compared to the
field-of-view in case of A3667 (Figure 3(b)). Due to high ex-
posure time, the WVT temperature map (Figure 2) was able
to extract major structures in temperature as in the ACB tem-
perature map (Figure 3). The ACB method becomes more
relevant for observations with limited exposure time.
In this paper, we proposed a new shock-finder which can be
used on the observed 2-dimensional X-ray data of galaxy clus-
ters. Here, we have applied this shock-finder on the A3667 X-
ray data as well as the projected X-ray surface brightness and
temperature maps from a simulated cluster from cosmologi-
cal MHD AMR simulations. We have successfully validated
our observational shock-finder results on the 2-dimensional
projected data of a simulated MHD cluster with the results
from the original 3-dimensional shock-finder used on the 3-
dimensional data from cosmological MHD AMR simulations
of the same cluster. Moreover, we combined the shock statis-
tics of A3667 X-ray/radio data and compared them with the
shocks from the original MHD cluster. We concluded that a
combination of observations at X-ray and radio wavelengths
is crucial to analyze the shocks in a galaxy cluster (like
A3667) accurately. This is one of key results from our work.
Moreover, the striking agreement between the shock statistics
between the observations and simulations (Figure 12) sug-
gests that the shocks in a real observed galaxy cluster like
A3667 can be reproduced in the current state-of-the-art AMR
simulations [e.g. Skillman et al. (2013)] due to accurate mod-
eling of the relevant physical processes in the ICM. Thus, we
can gain more insights from the 3-dimensional MHD AMR
simulations while analyzing the galaxy clusters observed at
X-ray/radio wavelengths. With the growing synergy between
observations and simulations, the simulations hold the key to
predict observables with the increased sensitivity of upcom-
ing or future telescopes both at radio (e.g. LOFAR, MWA,
EVLA,SKA, LRA) and X-ray (e.g. Astro-H) wavelengths.
With the detection of the radio bridge and overlapping cen-
tral X-ray emission connecting with the emission near the
relic (Carretti et al. 2013b), future Chandra observations near
the radio relic will help us understand the X-ray activity in
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the region. The limited field-of-view of the current Chan-
dra archival data on A3667 did not have any coverage near
the North-West radio relic. The only data available is from
XMM-Newton (Finoguenov et al. 2010). A higher resolu-
tion Chandra observation will help us to get more accurate
shock statistics near the radio-relic and compare them with the
Mach number distribution derived from the radio data. Since
a shock front is comprised of a distribution of Mach numbers
(Skillman et al. 2013), a comparison of the radio Mach num-
ber distribution with a single Mach number value from XMM
analysis is not sufficient to check the agreement between the
radio and X-ray Mach numbers. Ogrean et al. (2013) summa-
rizes the agreement between radio and X-ray Mach numbers
in clusters Abell 754, CIZA J2242.8+5301, Abell 3376 and
Abell 521. This is not true in the case of 1RXS J0603.3+4214
(Toothbrush Relic), where the X-ray Mach number is lower
than the Radio Mach number by a factor of & 1.7 which can
be due to the fact that the synchrotron emission is more sen-
sitive to high Mach numbers (Hoeft & Brüggen 2007). With
high resolution of the Chandra, it will be possible to investi-
gate the agreement between radio and X-ray Mach numbers
for A3667 near the radio-relics.
We have also investigated the profiles of the thermodynamic
properties across the cold front in A3667. In order to derive
the deprojected electron density across the cold front, we have
used the spherical deprojection technique. This is not the suit-
able for most of the cluster geometry. For A3667, most of
the merger activities are in the plane of the sky (Carretti et al.
2013a), hence the assumption about the spherical symmetry
may not have much effect on estimating the real electron den-
sity. Previously, Donahue et al. (2006) also found very little
effect of the symmetry assumption on the final entropy pro-
files.
From the results of the thermodynamic properties across
the cold front, we constrained the width of the cold front to
∆R = 24±12 kpc. The only previous study by Vikhlinin et al.
(2001a) that constrained the width of the cold front in A3667
was based on a short Chandra observation (49 ksec). They
constrained the width to ∼ 2 kpc only from the X-ray sur-
face brightness profile as the temperatures were extracted over
much larger bin sizes & 40 kpc. Our current paper, is the
first study that constrains the width of the cold front in A3667
from both the temperature and surface brightness data. This
have been possible due to the combined exposure time of eight
Chandra observations. We have further investigated the effect
of transport processes like thermal conduction and Coulomb
diffusion on the stability of the cold front. Our analysis sug-
gest that the thermal conduction across the cold front should
be suppressed by a factor of ∼ 100 − 700 than the classi-
cal Spitzer value. This will allow the cold front to last over
109 years, the estimated current age of the merger in A3667
(Roettiger et al. 1999).
Finally, we find the velocity of the cold front with respect to
the ambient is sub-sonic. This in turn suggests that it is very
unlikely to find a bow shock upstream (∼ 350 kpc) of the cold
front. Moreover, the profiles of density, temperature, pressure
and entropy do not show any hint of a shock at this location as
suggested by Vikhlinin et al. (2001a). Since this location falls
very near the edge of the field-of-view of the current Chan-
dra observations, we do not have sufficient sensitivity to infer
anything about the existence of this bow-shock. Future obser-
vations are required to improve the sensitivity at this location
and investigate the possibility of a bow-shock. Our analysis
suggests that cold fronts can be utilized to gauge mergers in
galaxy clusters, provided we have sufficient sensitivity in the
X-ray observations.
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